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ISOTROPIC ATOMIC LAYER ETCH FOR
SILICON AND GERMANIUM OXIDES

FIELD OF THE INVENTION

The present invention pertains to methods of removing
layers of material on a substrate. The methods are particu-
larly useful for accurate isotropic removal of silicon dioxide
and germanium dioxide with atomic scale fidelity on a
semiconductor substrate.

BACKGROUND OF THE INVENTION

Fabrication of integrated circuit (IC) devices at a modern
level of miniaturization demands techniques that can operate
at an atomic scale. Certain components of IC devices now
have dimensions of tens of Angstroms, corresponding to
only a few atomic layers of material. For example, gate
dielectric in modern IC transistors can have a thickness of
only 12 A, corresponding to only four atomic layers of
silicon dioxide. It is often desirable to fine-tune the elec-
tronic properties of these components by altering their
dimensions, which would involve deposition or removal of
only a few atomic layers of material. While atomic layer
deposition (ALD) and atomic-scale epitaxial growth tech-
niques have been developed, the methods for controlled
removal of one or several atomic layers are still limited.

Silicon oxides, silicon dioxide and its carbon-doped,
boron-doped, and phosphorous-doped variants, are impor-
tant dielectric materials used in IC devices. Silicon oxides
serve as an insulator in bulk dielectric layers, as a gate
dielectric in transistors, and as a capacitor dielectric in
memory devices, such as dynamic random-access memory
(DRAM). Silicon oxide also is inadvertently formed on the
layers of silicon when the partially fabricated wafer is
exposed to air. This type of silicon oxide, known as native
oxide, forms a thin film on the layer of silicon. Native oxide
film together with oxide residue produced during etching
and/or ashing frequently presents a problem for further
processing steps. When formed in the bottom of a silicon
landed via or contact hole, native oxide and other oxides are
highly undesired, since they raise the overall electrical
resistance of the via after it is filled with conductive mate-
rials.

There is a wealth of literature describing gas phase
etching of silicon oxides. The majority of these processes are
essentially plasma processes, in which the reactant gases are
introduced into a plasma source located in a process cham-
ber to generate ionic and metastable species which react
with the silicon oxide surface and form volatile etch by-
products. In most of these processes the etch rate of the
silicon oxide is controlled by the flow rate and composition
of the reactant gases, plasma power, substrate temperature,
or chamber pressure. The etch rate of the silicon oxide is
nearly constant over time; as such, these types of processes
are not well suited to accurately control the amount of a
layer to be etched uniformly and precisely over all the
exposed surface on the substrate. These processes cannot be
applied for removal of defined amounts of material on an
atomic scale.

Therefore there is a need for a reliable method for removal
of defined amounts of material on an atomic scale with
atomic-scale uniformity and low defectivity.

SUMMARY

The methods provided herein may be used in the pro-
cesses for manufacturing integrated circuits such as in
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interconnect and contact pre-clean applications, gate dielec-
tric processing, manufacturing of memory and logic devices,
or any other applications where precise removal of one or
several atomic layers of material is desired. Processes for
isotropic removal of controlled amounts of silicon oxide and
germanium oxide, as well as mixtures of silicon oxide and
germanium oxide are provided.

In one aspect, a method for controllably etching an oxide
layer on a substrate is provided, wherein the oxide is
selected from the group consisting of silicon oxide, germa-
nium oxide, and a combination of silicon oxide and germa-
nium oxide, wherein the term ‘“oxide” includes both
undoped and doped oxides, such as silicon and germanium
oxides that are doped with boron, carbon or phosphorous. In
some embodiments, the etching method controllably and
selectively removes these oxides in a presence of exposed
silicon with atomic scale fidelity. The method includes: (a)
contacting the substrate housed in a process chamber with an
active hydrogen-containing species to modify the surface of
the oxide on the substrate, wherein the active hydrogen-
containing species is a compound containing one or more
OH groups, or a hydrogen-containing species generated in a
hydrogen plasma; (b) removing non surface-bound active
hydrogen species from the process chamber after the surface
of the oxide is modified; (c) flowing an anhydrous HF into
the process chamber after (b), wherein the anhydrous HF
reacts with the modified surface of the oxide and wherein the
reaction generates water; and (d) removing the water gen-
erated in (c) from the surface of the substrate. In some
embodiments, modification of the surface of the oxide in (a)
is an adsorption of the active hydrogen-containing species
on the surface of the oxide. In some embodiments, a single
cycle of operations (a)-(d) removes about 0.5-10 atomic
layers of oxide (referring to an average thickness removed).
In some embodiments, the cycle is repeated and the opera-
tions (a)-(d) are performed at least twice during the etching.

In some embodiments, the HF reaction and removal of
water from the surface of the substrate are performed
concurrently under a temperature and pressure that does not
permit water to stay adsorbed to the substrate surface, as
water is generated in the reaction. In some embodiments,
operations (a)-(d) are performed at a single temperature of at
least about 80° C., e.g., at least about 100° C.

In some embodiments, the active hydrogen-containing
species is an alcohol that is capable of adsorbing or staying
adsorbed to the surface of the oxide under conditions when
water is desorbed from the surface of oxide. Examples of
such alcohols include alcohols that have a vapor pressure
that is lower than water, or alcohols with a vapor pressure
that is not significantly higher than the vapor pressure of
water, such as isopropanol, n-propanol, n-butanol, tert-
butanol, ethylene glycol, propylene glycol, etc. In some
embodiments, operations (a)-(d) are performed at a tempera-
ture and pressure, that do not permit these alcohols to be
desorbed from the surface of the substrate.

In other embodiments the active hydrogen-containing
species is formed from a hydrogen-containing plasma, and
the hydroxyl (OH) bonds are formed on the surface of the
oxide by contacting the substrate with a hydrogen containing
plasma under conditions when water is desorbed from the
surface of the oxide. The hydrogen-containing plasma is
formed from a gas comprising a hydrogen containing gas,
such as H,, ammonia, hydrazine, water, hydrogen fluoride,
hydrogen chloride, silane, disilane, methane, ethane, butane,
and combinations thereof. Optionally, a second gas can be
added to the gas comprising the hydrogen-containing gas.
Examples of such second gas include oxygen, nitrous oxide,
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nitric oxide, carbon dioxide, carbon monoxide and combi-
nations thereof. Optionally, an inert gas (e.g., helium, neon,
argon or combinations thereof) may be added to the gas that
comprises the hydrogen containing gas.

In some embodiments the active hydrogen-containing
species is selected from the group consisting of a propanol,
a butanol, butoxyethanol, butanediol, ethylene glycol, meth-
ylene glycol, propylene glycol, amyl alcohol, a carboxylic
acid, and combinations thereof. In one specific implemen-
tation, butanol is used. The alcohol (such as butanol) adsorbs
on the substrate, and then HF treatment is performed con-
currently with water removal.

In some embodiments the active hydrogen-containing
species is selected from the group consisting of methanol,
ethanol, propanol, butanol, butoxyethanol, ethylene glycol,
methylene glycol, propylene glycol, amyl alcohol and com-
binations thereof, and the operations (a)-(d) are performed at
the same temperature. The process is preferably configured
in this embodiment such that water is being removed from
the surface of oxide as it is generated in the reaction.

In some embodiments the active hydrogen-containing
species is characterized by a vapor pressure that is lower or
not substantially higher than the vapor pressure of water for
selected conditions, wherein the operations (a)-(d) are per-
formed at the same temperature, and wherein water is being
removed from the surface of oxide as it is generated in the
reaction. The temperature is selected such that the active
hydrogen-containing species is not desorbed, before the
reaction is completed, while water is desorbed from the
surface. In this embodiment, the amount of removed oxide
is determined by the amount of surface modification in step
(a), and HF can be introduced in excess.

In other embodiments, the active hydrogen-containing
species is methanol, ethanol, water, a water-alcohol azeo-
trope or an OH-containing species that has a vapor pressure
that is substantially higher than the vapor pressure of water.
Methanol (or one of the species listed above) adsorbs to the
surface of oxide in (a), and the process is configured such
that the anhydrous HF is provided in (c) in a controlled,
limited amount. In this embodiment, the amount of etched
oxide is controlled by the amount of introduced HF.

In some embodiments the active hydrogen-containing
species is methanol or ethanol that adsorbs to the surface of
oxide in (a) at a first temperature, the water is removed in (d)
by raising the temperature of the substrate to a second
temperature that is higher than the first temperature. In some
implementations of this method the flow of the anhydrous
HF into the process chamber is ceased before water is
removed.

In some embodiments water is removed by a method
selected from the group consisting of: (i) raising the tem-
perature of the substrate, (ii) lowering pressure in the
process chamber, (iii) treating the substrate with a plasma,
(iv) treating the substrate with an electron beam, (iv) irra-
diating the substrate with an electromagnetic radiation, and
combinations of these methods.

In an alternative aspect of the invention, a method for
controllably etching an oxide layer on a substrate starts by
adsorbing anhydrous HF to the substrate. Similarly to the
methods described above, this method can be used to etch
silicon oxide, germanium oxide and combinations of these
oxides. In some embodiments, the etching method control-
lably and selectively removes these oxides in a presence of
exposed silicon. The method includes: (a) contacting the
substrate housed in a process chamber with anhydrous HF
and allowing the HF to adsorb on the substrate; (b) removing
non surface-bound HF from the process chamber; (c) treat-
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ing the substrate with an active hydrogen-containing species
to react it with the HF adsorbed on the substrate, wherein the
active hydrogen-containing species is a compound contain-
ing one or more OH groups (e.g., an alcohol), or a hydrogen-
containing species generated in a hydrogen plasma; and (d)
removing the water generated in (¢) from the surface of the
substrate. The methods of water removal can be the same as
described above.

In some embodiments, the methods described herein are
used in conjunction with photolithographic device process-
ing. For example, the methods may further involve applying
photoresist to the substrate; exposing the photoresist to light;
patterning the photoresist and transferring the pattern to the
substrate; and selectively removing the photoresist from the
substrate.

In another aspect, an etching apparatus for controllably
etching an oxide on a substrate is provided. The apparatus
includes: a process chamber having an inlet for introduction
of process gases; a substrate support in the process chamber
configured for holding the substrate in position during
etching of the oxide on the substrate; and a controller
comprising program instructions for performing the steps of
any of the methods described herein. For example the
controller may include program instructions for: (a) contact-
ing the substrate housed in the process chamber with an
active hydrogen-containing species to modify the surface of
the oxide on the substrate, wherein the active hydrogen-
containing species is a compound containing one or more
OH groups, or a hydrogen-containing species generated in a
hydrogen containing plasma, and wherein the oxide is
selected from the group consisting of silicon oxide, germa-
nium oxide (including doped and undoped oxides) and
combinations thereof; (b) removing non surface-bound
active hydrogen species from the process chamber after the
surface of oxide is modified; (¢) flowing an anhydrous HF
into the process chamber after (b), wherein the anhydrous
HF reacts with the modified surface of oxide and wherein the
reaction generates water; and (d) removing the water gen-
erated in (¢) from the surface of the substrate. The apparatus,
in some embodiments, is equipped with a temperature
controller that allows for rapid and controlled changes in
temperature at the substrate.

In some embodiments, a system is provided, wherein the
system includes an apparatus described above and a stepper.

In yet another aspect, a non-transitory computer machine-
readable medium is provided to control the apparatus pro-
vided herein. The machine-readable medium comprises
code to perform any of the methods described herein, such
as the method comprising: (a) contacting the substrate
housed in the process chamber with an active hydrogen-
containing species to modify the surface of the oxide on the
substrate, wherein the active hydrogen-containing species is
a compound containing one or more OH groups, or a
hydrogen-containing species generated in a hydrogen con-
taining plasma, and wherein the oxide is selected from the
group consisting of silicon oxide, germanium oxide and
combinations thereof; (b) removing non surface-bound
active hydrogen species from the process chamber after the
surface of oxide is modified; (¢) flowing an anhydrous HF
into the process chamber after (b), wherein the anhydrous
HF reacts with the modified surface of oxide and wherein the
reaction generates water; and (d) removing the water gen-
erated in (c) from the surface of the substrate.

These and other features and advantages of the invention
will be described in more detail below with reference to the
associated drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a process flow diagram for an etching method in
accordance with an embodiment provided herein.

FIGS. 2A-2D present cross-sectional depictions of a sub-
strate undergoing etching in accordance with embodiments
provided herein.

FIG. 3 is a process flow diagram for an etching method in
accordance with an embodiment provided herein.

FIG. 4 is a timing diagram illustrating dosing of reagents
during etching in accordance with an embodiment presented
herein.

FIG. 5 is a schematic presentation of an apparatus suitable
for performing etching reactions provided herein, in accor-
dance with one embodiment.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

Aspects of the present invention are directed to controlled
etching of silicon oxide, and germanium oxide (including
doped and undoped silicon and germanium oxides) from
substrates, such as partially fabricated integrated circuits.
While the methods of present invention find particular use in
the processing of semiconductor substrates, they can also be
employed in other applications. Provided methods achieve
accurate and isotropic removal of material on small scales,
e.g. on the scale of about 150 A or smaller. In fact, they can
be employed when removal of layers of only several Ang-
stroms or tens of angstroms is desired. Atomic layer etching
methods provided herein allow control of the depth of
etching by repeating the etching cycles, where each cycle
may remove as little as only an atomic monolayer or
submonolayer of material. These methods can be performed
in a CVD-type or plasma-type apparatus (e.g., in a resist
strip chamber), and can be easily integrated with existing
wafer manufacturing processes.

The methods can be used to etch silicon oxide, germa-
nium oxide and mixtures of these oxides. The oxides can be
doped (e.g., with nitrogen, carbon, boron, phosphorus, etc.)
or undoped. The term “silicon oxide™ as used herein includes
a variety of types of silicon oxides, silicates, and silicate-
based glasses, such as tetraethylorthosilicate (TEOS), boro-
silicate glass (BSG), borophosphosilicate glass (BPSG),
high density plasma (HDP) CVD oxide, and subatmospheric
(SA) CVD oxide.

The applications of atomic layer removal methods include
but are not limited to pre-clean operations, gate dielectric
fabrication, processing of fin oxide recesses, and processing
of capacitor dielectric in memory devices, such as dynamic
random access memory (DRAM) and flash memory devices.
The atomic layer etching pre-clean of interconnects may
involve removal of silicon oxide from silicon, active silicon,
polysilicon, and silicide contacts. Silicide contacts comprise
metal silicides, such as nickel and cobalt silicides, ternary
silicides, such as platinum nickel silicides and other silicide
materials, commonly used in interconnects. Active silicon
contacts refer to electrically active contacts typically formed
with electrically active doped silicon material. The methods
are particularly suitable in fabrication of devices at sub-10
nm level and can be used in fabrication of double-gate
transistors, such as FinFETs and Gate-all-around (GAA)
FETs.

Provided methods allow for selective etching of silicon
oxide, germanium oxide or their combinations in a presence
of exposed silicon, germanium or silicon germanium. Selec-
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tive etching refers to a selectivity of at least 5:1, where the
ratio refers to the etch rate ratio.

While provided methods can be used to etch both silicon
and germanium oxides, the methods will be illustrated using
silicon oxide as an example. It is understood that all of the
described principles and embodiment illustrations also apply
to the etching of germanium oxide.

Etching can be performed on substrates with or without
recessed features (such as vias, trenches, and contact holes),
and silicon oxide can be removed from any location on the
substrate including the field region, sidewalls of a recessed
feature and bottom of a recessed feature. Due to self-limiting
adsorption-based mechanism of the etching reaction, silicon
oxide can be removed isotropically, that is, substantially the
same amount of oxide is removed from the field region,
sidewall and the bottom of the recessed feature, and the
amount of removed oxide is substantially independent of the
aspect ratio of the recessed feature. Further, oxide can be
removed with high uniformity, that is, substantially same
amounts of oxide can be removed from the center and edge
of a semiconductor wafer substrate. It is important to note
that the methods provided herein, unlike those that rely on
NH,F etchant, do not produce solid reaction products,
therefore resulting in low defectivity and in excellent repeat-
able isotropic etching within high aspect ratio recessed
features.

Mechanism of Etching of Silicon Oxide with HF

Anhydrous HF does not etch silicon dioxide in an absence
of an active hydrogen-containing species, such as water or
alcohol. When an anhydrous HF contacts a surface of silicon
oxide, it is adsorbed to the surface without etching the
surface as shown in equation (1):

HF(gas)s<sHF(adsorbed) (€8]

When an active hydrogen-containing species such as
methanol is adsorbed to the surface, it reacts with the
adsorbed HF to form HF,~ ion, which is the active etching
species, as shown in equations (2)-(4). The etching reaction
generates water and silicon tetrafluoride as shown in reac-
tion (4).

CH;O0H(gas)<sCH;OH(ads) 2)

CH;OH(ads)+HF(ads)<HF,~(ads)+CH;OH, " (ads) 3)
SiO,(s)+2HF, (ads)+2CH;O0H,"(ads)—=SiF,(ads)+

2H,0(ads)+2CH,0H )

While silicon tetrafluoride is a volatile compound that is
easily desorbed from the surface of the substrate, adsorbed
water creates a number of problems that renders controlled
etching of silicon dioxide a difficult task. First, the presence
of water on the surface of the substrate leads to HF,~
formation and to progression of the etching reaction, even if
originally the active hydrogen containing species (such as
methanol) was provided in a limited amount. Therefore, in
a presence of adsorbed water the reaction would not be
self-limiting and would proceed as long as HF is available.
Further, the presence of water on the substrate causes SiF,
to form silicon oxide particles, as shown in equation 5.
These particles may lead to defects and to non-uniformity
during etching as well as to lower repeatability in reaction
rates.

3SiF,+2H,0—Si0,+2H,SiF )

It is also important to note, that if the active hydrogen-
containing species is desorbed from the surface of the
substrate together with water, e.g., by heating, the etching
reaction would stop. Therefore a fine balance should be
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found between desorbing the water generated in the etching
reaction and maintaining the active hydrogen-containing
species on the surface of the substrate at least until the
desired amount of oxide is etched.

Etching Methods

FIG. 1 is a process flow diagram illustrating an etching
method for silicon oxide and/or germanium oxide, in accor-
dance with embodiments provided herein. FIGS. 2A-2D
illustrate a schematic presentation of cross-sectional views
of a silicon oxide containing substrate undergoing the con-
trolled etching. Referring to FIG. 1, the process starts in 101
by contacting the substrate with an active hydrogen-con-
taining species containing one or more OH groups. The
active hydrogen containing species can be an alcohol
(wherein the term “alcohol” includes glycols), a carboxylic
acid, a hydrogen-containing species generated from hydro-
gen-containing plasma, and in some embodiments, water. It
is noted that ammonia is excluded from the list of suitable
compounds. Examples of suitable alcohols include metha-
nol, ethanol, n-propanol, isopropanol, n-butanol, tert-buta-
nol, methylbutanols, amyl alcohol, methylene glycol, eth-
ylene glycol, propylene glycol, and the like. Examples of
carboxylic acids include formic acid, acetic acid, propionic
acid and the like. Mixtures of various hydrogen-containing
species can also be used. Examples of hydrogen-containing
species generated from a hydrogen-containing plasma
include hydrogen-containing ions and radicals. The active
hydrogen-containing species is typically introduced into the
process chamber housing the substrate in a gaseous form and
may be accompanied by a carrier gas, such as N,, Ar, Ne,
He, and combinations thereof. The species generated from a
hydrogen-containing plasma can be generated directly by
forming a plasma in the process chamber housing the
substrate or they can be generated remotely in a process
chamber that does not house the substrate, and can be
supplied into the process chamber housing the substrate.

The active hydrogen-containing species modifies the sili-
con oxide surface on the substrate, e.g., by adsorbing to
silicon oxide and/or by modifying silicon-oxygen bonds on
the surface of the substrate. For example an alcohol or a
carboxylic acid can chemisorb to the surface of silicon
oxide. This step is also referred to as hydroxylation, because
it results in formation of OH bonds on the surface of the
substrate. The process conditions, such as temperature and
pressure for this step are selected such that the chemisorp-
tion takes place without condensation of bulk amount of the
hydrogen-containing species. In some embodiments, the
process chamber may be heated to avoid condensation of
higher alcohols on the walls of the chamber.

After the hydrogen-containing species has adsorbed or
has otherwise modified the surface of silicon oxide, in
operation 103 the non surface-bound active hydrogen con-
taining species is removed from the process chamber. This
can be done by purging and/or evacuating the process
chamber to remove the active species (e.g., an alcohol or an
acid), without removing the adsorbed layer. The species
generated in a hydrogen plasma can be removed by simply
stopping the plasma and allowing the remaining species
decay, optionally combined with purging and/or evacuation
of'the chamber. Purging can be done using any inert gas such
as N,, Ar, Ne, He and their combinations.

Referring to FIG. 2A, the substrate 201 containing a layer
of silicon oxide is shown. After hydroxylation and removal
of the bulk amount of the active hydrogen-containing spe-
cies from the process chamber, only a surface layer 203
remains on the substrate 201, as shown in FIG. 2B. Surface
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layer 203 may be for example a chemisorbed layer of
alcohol or of other hydrogen-containing species.

Next, referring to step 105 of FIG. 1, the substrate is
contacted with anhydrous HF Anhydrous HF is flowed into
the chamber without concurrent flow of an active hydrogen-
containing species (e.g., alcohol, or a species generated in
hydrogen plasma) and is allowed to react with the modified
layer of silicon oxide, as shown in FIG. 2C. In some
embodiments, the amount of HF introduced into the process
chamber is not limited, because the reaction would be
limited by the adsorbed hydrogen-containing species. In
other embodiments, HF may be provided in a controlled,
limited amount such as to etch only a targeted amount of
material. At least in the first portion of the HF dosing, the
process conditions should be maintained such that the active
hydrogen-containing species remains bound to the surface of
the substrate, because premature desorption of the active
hydrogen-containing species may cause the reaction to stop.
Desorption of the active hydrogen-containing species may
be initiated after a desired amount of etching has occurred.

As shown in operation 107, water generated in the etching
reaction is removed from the surface of the substrate. A
variety of methods can be used to remove water. For
example, water desorption from the surface of the substrate
can be achieved by using a sufficiently high temperature of
the substrate. The temperature is selected to cause water
desorption, or not allow water to be adsorbed as it is
generated in the course of the reaction. In another example,
water removal is achieved by using a sufficiently low
pressure, which in combination with appropriate tempera-
ture does not allow water to stay adsorbed on the surface of
the substrate, or removes water without allowing it to
become adsorbed as the water is generated.

In some embodiments water removal is achieved by
raising the temperature of the substrate to a temperature that
is sufficient to remove water. In some embodiments, the HF
dosing is performed at a temperature that is sufficient to
remove water. In some embodiments, the entire etching
process, including treatment with an active hydrogen-con-
taining species and HF dosing are performed at a tempera-
ture that is sufficient to remove water from the surface of the
substrate as it is generated. In some embodiments water
removal is achieved by lowering the pressure in the process
chamber that is sufficient to remove water. In some embodi-
ments, the HF dosing is performed at a pressure that is
sufficient to remove water. In some embodiments, water
removal includes both raising the temperature and lowering
the pressure to remove the water.

In some embodiments water may be removed from the
surface using electromagnetic irradiation (e.g., UV irradia-
tion or microwave irradiation), plasma treatment (i.e. elec-
tron, ion, and radical exposure) as well as electron beam
treatment. The irradiation, plasma and electron beam treat-
ment energy is selected such as not to cause any damage to
the surface of the substrate, and not to interfere with the
isotropic nature of the etch. Therefore, relatively low-energy
electrons, such as electrons with energy of between about
5-10 eV, are used in some embodiments for the electron
(plasma or electron beam) treatment.

The timing of water removal can vary. Removal of water
can be performed concurrently with HF treatment, may
overlap with HF treatment for a portion of time, or may be
performed after HF treatment. It is important to note that if
the removal of water is performed in the beginning of HF
treatment, then the selected water removal method should
not completely deactivate the surface of silicon oxide to HF
etching. Thus, in some embodiments removal of water is
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performed under such conditions that do not result in
desorption of alcohol or carboxylic acid from the surface of
silicon oxide. The silicon tetrafluoride generated during the
etching reaction is a volatile compound that typically is
removed from the surface of the substrate with the water or
before water is removed, as shown in FIG. 2D. Germanium
tetrafluoride formed during etching of germanium oxide is
similarly removed.

It can be seen that in the processed substrate shown in
FIG. 2D, a controlled amount of silicon oxide has been
removed. The amount of removed silicon oxide is deter-
mined by the amount of surface modification (e.g., amount
of'adsorbed alcohol) in the first hydroxylation step and/or by
the amount of HF dosed onto the substrate. Importantly,
control is achieved by not allowing excess of active hydro-
gen containing species and HF to be present simultaneously
in the process chamber. Thus, when alcohol or carboxylic
acid is dosed to the process chamber, HF is not supplied to
the process chamber. Similarly, when HF is supplied to the
process chamber, alcohol or a carboxylic acid is only present
on the surface of the substrate and is not supplied to the
process chamber. Removal of water further contributes to
atomic-scale control of the reaction. Typically one etching
cycle removes between about 0.5-10 atomic layers of oxide,
such as between about 1-5 atomic layers. In one implemen-
tation about 10 A of silicon oxide is removed in one cycle
of etching.

Next, in operation 109, it is decided if further etching is
required in order to etch a target thickness of silicon oxide.
If the amount removed in the first cycle of etching is
sufficient, then the etching is complete. The process chamber
is purged and/or evacuated if any reaction products or HF
remains in the chamber. Optionally the etching sequence is
completed in 111 by contacting the substrate with an alcohol
to remove any surface-bound fluoride.

If, in operation 109 it is determined that further etching is
needed to etch a target thickness of silicon oxide, the
sequence of operations is repeated. Typically, the process
chamber is purged or evacuated to remove reaction byprod-
ucts and excess HF (if present), and the surface of the
substrate is again contacted with an active hydrogen-con-
taining species, followed by removal of non-surface-bound
active hydrogen containing species, and followed by HF
treatment and water removal. The process can be performed
for as many cycles as needed. In some embodiments at least
two cycles are performed, such as between about 2-10
cycles. It is noted that the active hydrogen containing
species used in the repeating cycles may be the same or
different in different cycles. For example, in some embodi-
ments in the first cycle water may be used as the active
hydrogen-containing species, while in the following cycles
an alcohol may be employed.

In some embodiments it is preferable to remove water
during the etching reaction, as it is generated in the reaction.
This embodiment is illustrated by the process diagram
shown in FIG. 3. In operation 301, the substrate is contacted
with an active hydrogen-containing species (e.g., alcohol,
carboxylic acid, hydrogen-containing species generated in a
plasma) to modify the surface of the silicon oxide. After
modification (e.g., chemisorption of alcohol), the non-sur-
face-bound active hydrogen-containing species is removed
from the process chamber, e.g., by purging or evacuation in
operation 303, and HF is then provided to contact the
substrate in operation 305 and conditions are maintained to
remove water as it is generated in the etching reaction. For
example, the temperature of the substrate during HF treat-
ment may be sufficiently high, such that adsorption of water
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to the surface of the silicon oxide is impossible, or such as
to cause quick desorption of water. In other embodiments,
the pressure and temperature are maintained such that the
water desorption rate is sufficiently high to remove water
from the surface. In yet other embodiments, the substrate is
irradiated, e.g., with UV radiation, microwave radiation, or
treated with plasma or electron beam that is sufficient to
desorb water or prevent it from adsorbing, while the sub-
strate is treated with HF. The advantage of removing water
in situ as it is generated in the etching reaction, is that water
would not further catalyze the etching reaction. Therefore in
this embodiment less control on the amount of added HF is
required. In some embodiments it is even possible to add HF
in large excess, and still achieve atomic-scale control over
the amount of etched silicon oxide, if water is efficiently and
timely removed during the reaction. Next, after the reaction
is complete, the process chamber is typically purged or
evacuated to remove excess HF (if present) and the reaction
products. If it is determined in operation 307 that further
etching is required, the cycle is repeated. When no further
etching is required, the substrate may be optionally treated
with an alcohol to remove surface-bound fluoride.

The processes shown in FIG. 1 and FIG. 3 can be
modified with a variety of pre-treatments and post-treat-
ments to condition the surface of the substrate. In some
embodiments, prior to operation 101, the substrate is treated
with dry HF to remove silanol bonds on the surface of the
silicon oxide. The process chamber is then purged or evacu-
ated to remove HF. Other pretreatments may include a
plasma process or wet clean process to remove surface
contaminants such as hydrocarbons or hydro-fluorocarbons.

FIG. 4 illustrates a timing diagram showing the dosing of
reagents for the processes shown in FIG. 1 and FIG. 3. In a
first period, P1, the active hydrogen-containing species is
supplied to the process chamber in an absence of HF. In
some embodiments, an alcohol, or a carboxylic acid is
flowed into the reaction chamber during P1 and is allowed
to chemisorb on the surface of the substrate. In other
embodiments active hydrogen-containing species formed
from a hydrogen-containing plasma contacts the substrate
during the period P1. Next, in period P2, neither the active
hydrogen-containing species, nor HF is admitted into the
chamber. During this period, the active hydrogen-containing
species that is not bound to the surface of the substrate is
removed from the process chamber. This can be accom-
plished with, for example, purging the process chamber with
an inert gas (e.g., N,, Ar, He, Ne, and combinations thereof)
and/or evacuation. Next, in period P3, anhydrous HF is
flowed into the process chamber in an absence of an active
hydrogen-containing species (such as alcohol), and is
allowed to react with the modified surface of the substrate.
Next, in period P4, neither the HF nor the active hydrogen-
containing species is flowing into the process chamber, and
the process chamber may be purged or evacuated to remove
non surface-bound HF and/or reaction products in the pro-
cess chamber. Water removal can be performed in various
embodiments, concurrently with HF dosing (during the
entire step of HF dosing), during a second portion of HF
dosing, after the HF dosing is completed, and using com-
binations of these. The described sequence completes one
cycle of etching, which can controllably and isotropically
etch between about 0.5-10 atomic layers of silicon oxide on
the surface of a substrate. Next, if further etching is needed,
the process is repeated by dosing the active hydrogen-
containing species in period P5, and so on. In some embodi-
ments, removal of water generated in the previous cycle is
performed, at least in part, during the first portion or during
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the entirety of the period of treatment with the active
hydrogen species of the next cycle. For example, in some
embodiments, surface-bound water generated in the first
etching cycle is removed during period P4 or during first
portion of period P5.

The process conditions, such as temperature and pressure
for each of the steps of the etching cycle will depend on the
nature of the active hydrogen-containing species, the type of
water removal method, and the timing of water removal, and
can be varied within the guidelines provided herein. In most
examples the temperature ranges from between about 20 to
about 300° C., and the pressure ranges between about 100
mTorr to about 760 torr. Examples shown below illustrate
several different embodiments of the provided etching meth-
ods.

Example 1

In this implementation, the entire etching cycle is per-
formed at a sufficiently high temperature that does not allow
water to stay adsorbed as it is generated in the etching
reaction. In some embodiments, the etching process is
performed at a temperature of at least about 80° C., such as
between about 80° C.-300° C., e.g., between about 100°
C.-300° C. The advantage of this method is that the tem-
perature can be kept substantially constant during the entire
etching cycle. Furthermore, because water is removed as it
is generated during the etching reaction, the HF can be
added in this embodiment in excess because the reaction will
be limited by the amount of active hydrogen-containing
species on the modified surface of the oxide after the first
hydroxylation step. This embodiment, however, is not lim-
ited to using excess quantity of HF, and in some implemen-
tations, a controlled, limited amount of HF is dosed.

In one specific implementation of this example, the pro-
cess makes use of alcohols or carboxylic acids that have a
vapor pressure that is lower or is not substantially higher (i.e.
not more than 200% higher) than the vapor pressure of
water. These compounds are capable of adsorbing or staying
adsorbed to the substrate while water is being desorbed.
Examples of these compounds include n-butanol, tert-buta-
nol, ethylene glycol, propylene glycol, and n-propanol. In
the first period, P1, such compound or a mixture of such
compounds is flowed into the process chamber and is
allowed to adsorb on the surface of the substrate, while the
temperature of the substrate is above the water desorption
point. Then, the flow of the compound is stopped, and in
period P2 the process chamber is purged or evacuated
without substantially changing the temperature. Next, in P3
anhydrous HF is flowed into the process chamber, again
without changing the temperature, is allowed to react with
the modified surface of the oxide, while water generated in
this reaction is removed from the surface as it is being
generated, because the temperature is sufficiently high.
Next, after the reaction is complete, in period P4 the process
chamber is purged and/or evacuated. If needed, the cycle can
be repeated. In one example, n-butanol or tert-butanol is
introduced into the process chamber together with N,, at a
temperature of about 100° C. and a pressure of about 100
Torr, and is allowed to chemisorb on the substrate. Next the
flow of butanol is stopped and the process chamber is purged
with N,. Next, anhydrous HF is introduced into the process
chamber without changing the temperature and is allowed to
react with the surface layer of modified silicon oxide. The
process chamber is then purged with N, and the process is
optionally repeated 1-3 times.
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In another specific implementation of Example 1, the
surface of the oxide is modified by contacting it with a
hydrogen-containing species formed from a hydrogen-con-
taining plasma. In period P1 the substrate is contacted with
a direct plasma (plasma generated in the same process
chamber that houses the substrate) or a remote plasma
(plasma generated in a different chamber) containing active
hydrogen-containing species to form OH bonds on the
surface of silicon oxide on the substrate. A variety of
plasmas can be used. Typically the plasma is generated from
a gas comprising a hydrogen-containing gas (e.g., H,,
ammonia, hydrazine, water, hydrogen fluoride, hydrogen
chloride, silane, disilane, methane, ethane, butane and com-
binations thereof) with an optional presence of a second gas
(e.g., oxygen, nitrous oxide, nitric oxide, carbon dioxide,
carbon monoxide, water vapor and combinations thereof).
The gas may also include an inert gas, such as He, Ar, Ne
and combinations thereof in addition to the hydrogen-
containing gas. After the plasma treatment, the plasma
generation or flow of plasma-generated species into the
chamber is stopped in period P2 and the plasma-generated
species quickly decay in the chamber. Next, anhydrous HF
is flowed into the process chamber at a temperature and
pressure that are sufficient to remove water from the surface
of the substrate, as it is generated during the reaction with
the activated surface of the oxide.

Example 2

In this implementation water is removed from the surface
of the substrate by electromagnetic irradiation (e.g., UV
irradiation), by plasma treatment (e.g., by electrons, radicals
and ions formed in a plasma) or by electron beam treatment.
The water is removed from the substrate surface as it is
generated in the reaction. The advantage of this implemen-
tation is that radiation-independent heating of the substrate
is not necessary. Further, in this implementation, the choice
of the active hydrogen-containing species that can modify
the surface of oxide is more extensive than in Example 1.
Similarly to Example 1, HF can be flowed in excess, because
water is removed during the reaction, and the amount of
removed oxide is determined by the amount of modified
oxide in the first step. In this implementation the active
hydrogen-containing species (water, an alcohol, a carboxylic
acid, or a species generated in hydrogen plasma) contacts the
substrate in period P1 and modifies the surface of the oxide.
The temperature and pressure in this step are selected such
that the adsorption or other modification can occur. Because
this embodiment does not rely on heating for water removal,
lower alcohols, such as methanol and ethanol, can be used
and can be adsorbed at relatively low temperatures, such as
between about 10° C.-80° C. Next, in period P2, the process
chamber is purged and/or evacuated, or, the hydrogen-
containing species generated in a plasma are allowed to
decay. In period P3 the anhydrous HF is introduced while
water is concurrently removed from the wafer by irradiation,
plasma treatment, or electron beam treatment.

Example 3

In this embodiment water is removed from the surface of
the substrate by raising the temperature to a temperature that
is sufficient to desorb water and/or by lowering the pressure
to achieve the conditions that desorb water from the sub-
strate surface.

For example, the substrate may be treated with an active
hydrogen-containing species at a first temperature. At some
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point after treatment with the active hydrogen-containing
species, the temperature is raised to a second temperature
that is sufficient to desorb water from the surface of the
substrate. For example, if the active species is the species
generated from a hydrogen-containing plasma, or if the
active species is an alcohol or a carboxylic acid that has a
vapor pressure that is lower or that is not significantly higher
than the vapor pressure of water and the second temperature
does not cause dehydroxylation of the surface of the sub-
strate, the temperature may be raised as early as immediately
after treatment with the active hydrogen-containing species,
during removal of the non-surface-bound active hydrogen
species, or concurrently with HF introduction. If an alcohol
with a vapor pressure that is significantly higher than water
is used, such as methanol, and therefore at the second
temperature methanol would desorb, it is more advanta-
geous to delay raising the temperature until HF has been
introduced and the reaction has started. For example, the
temperature may be raised during the second half of the HF
introduction period. In some embodiments temperature is
raised after the HF flow has stopped. In some embodiments,
temperature is raised, or high temperature is maintained
during a first portion of period P5 (e.g., during introduction
of methanol in the second cycle of etching). Next, the
temperature is lowered for the rest of the period P5.

In one example, methanol is flowed to the process cham-
ber during period P1 and is allowed to chemisorb at a first
temperature, e.g. at about 30° C. Next, the process chamber
is purged in period P2 to remove non surface-bound metha-
nol, and HF is flowed into the process chamber in period P3.
Preferably in this embodiment a controlled limited amount
of HF is introduced, where the amount of HF is limited to
the amount that is necessary to etch a desired thin controlled
layer of silicon oxide (such as between about 0.5-10 atomic
layers). The reaction may be allowed to proceed for some
time, and then the temperature is raised to a temperature that
causes the desorption of water, such as to about 100° C. In
some embodiments the temperature is raised during the
period P2, while HF is flowed into the process chamber. In
other embodiments, the temperature is raised after the flow
of HF is stopped (e.g., during a first portion of period P5).

Example 4

In this implementation methanol and/or a ketone (e.g.,
acetone) are used to facilitate removal of water from the
surface of the substrate. In this example, any active hydro-
gen-containing species can be used in the process, but the
etching sequence is structured such as to remove water
concurrently with methanol and/or a ketone (such as
acetone), because removal of water is facilitated in their
presence. Methanol and/or ketone can be introduced at any
suitable stage before or during water removal. For example
in one specific example, the surface of the substrate is
hydroxylated by an active hydrogen-containing species;
next the process chamber is purged or evacuated, followed
by introduction of controlled amount of HF. During the
introduction of the HF or after the reaction is completed,
methanol and/or ketone is flowed into the process chamber
and conditions are adjusted for water removal (e.g., tem-
perature is raised and/or pressure is lowered). In some
embodiments, the temperature may remain the same
throughout the process and is selected such as not to cause
desorption of water, but to cause desorption of water/
methanol mixture and/or water/ketone mixture.
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Example 5

Alternative Embodiment

While in the embodiments that were previously described,
the process started with the hydroxylation of silicon oxide
surface on the substrate, in an alternative embodiment, the
process may start with adsorption of anhydrous HF onto the
surface of the substrate. Next, after HF has adsorbed,
non-surface-bound HF is removed from the process chamber
(e.g., by purging and/or evacuation), and the substrate is
contacted with an active hydrogen-containing species. Any
active hydrogen-containing species described herein may be
used. The adsorbed HF would react with the silicon oxide
surface in a presence of the active hydrogen-containing
species and the amount of etched material will be limited by
the amount of HF adsorbed on the surface. Water is removed
from the process chamber as it was described for the
previous embodiments. Water may be removed as it is being
generated during the etching reaction (during introduction of
the active hydrogen-containing species), or after the reaction
is completed.

Apparatus

The methods described herein can be practiced in a
variety of apparatuses that are equipped with delivery lines
and control mechanisms configured for sequential delivery
of gaseous reagents. Examples of suitable process chambers
include plasma etch, isotropic etch, and chemical vapor
deposition process chambers, as well as resist strip cham-
bers. To prevent damage from the use of corrosive HF, the
apparatus may include HF -resistant materials at least for the
parts that are in direct contact with HF. For example, in some
embodiments, the process chamber is coated with an HF-
resistant polymer, such as a copolymer of ethylene and
chlorotrifluoroethylene known as Halar®. In some embodi-
ments, the chamber is anodized or nickel plated. The deliv-
ery lines delivering the HF, in some embodiments are made
of nickel.

The suitable apparatus includes a process chamber having
a substrate support for holding the substrate in position
during etching, an inlet for introduction of the reagents, an
outlet that is typically connected with a pump for evacuating
the process chamber, and a controller having program
instructions for performing any of the steps of the provided
methods. In some embodiments the apparatus is equipped
with a heater and/or a cooler configured to heat or cool the
substrate, as desired. The heater and/or cooler may be
integrated into the substrate support. In some embodiments,
the heating of the substrate may be implemented with the use
of lamps positioned above the substrate, where the lamps
radiate heat onto the substrate. The lamps may be used as the
main method of heating or in addition to the substrate holder
heating. In some embodiments the substrate holder includes
a motor and is configured to rotate the substrate during
processing. In those embodiments where direct plasma is
used in the process chamber (either for generation of active
hydrogen-containing species from hydrogen-containing
plasma or for treatment of the substrate during water
removal), the apparatus is equipped with an RF or micro-
wave plasma generator. In those embodiments, where
remote plasma is used (either for generation of active
hydrogen-containing species from hydrogen-containing
plasma or for treatment of the substrate during water
removal) the apparatus includes a separate chamber in which
the remote plasma is generated using a RF or microwave
plasma generator. The remote plasma chamber is connected
through a feed conduit to the process chamber housing the
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substrate and is configured to deliver species generated in
the remote plasma to the surface of the substrate. In those
embodiments, where electromagnetic radiation, such as UV
irradiation and/or microwave irradiation are used to remove
water from the surface of the substrate the apparatus will
also include a source of electromagnetic radiation, such as a
UV lamp, or a microwave generator. These sources are
typically separated from the substrate by a window that can
transmit the specific type of electromagnetic radiation in
use. For example, an HF -resistant, UV-transmitting window,
such as sapphire-coated quartz or bulk quartz window may
replace the ceiling of the process chamber allowing trans-
mission of UV radiation from a UV lamp positioned over the
window.

A schematic presentation of an example of a process
chamber suitable for implementing etching methods pro-
vided herein is shown in FIG. 5. The process chamber 500
includes an inlet 502 for introduction of gaseous reagents,
where the inlet is coupled with a shut-off valve or a flow
control valve. A delivery line 504 connects a source of
reagents 506 to the inlet 502. In some embodiments, the
delivery line 504 may include a plurality of individual lines,
e.g., an anhydrous HF line, and an alcohol delivery line. In
some embodiments the delivery lines are connected with a
source of heat and are heated during the delivery of reagents
in order to prevent condensation of reagents within the lines.
The source of reagents includes a source of anhydrous HF
and, if alcohol or a carboxylic acid is used, a source of
alcohol or carboxylic acid. The source of reagents may also
include sources of inert gases for purging the process
chamber, and sources of hydrogen-containing gas for for-
mation of hydrogen-containing plasma. The delivery sys-
tem, containing the delivery lines will also typically include
one or more flow meters that are used for accurate measure-
ment of doses of reagents admitted into the process chamber.
The process chamber also has an outlet 508 connected with
an outlet valve and a pump 510. Excess reagents, reaction
products and purging gases exit the chamber through the
outlet when the outlet valve is open. The pressure in the
process chamber can be accurately controlled by controlling
the flow rates of the reagents and by pumping out the excess
gases from the process chamber.

The substrate 512 is secured on the substrate holder
pedestal 516, which further includes a thermoelectric chuck
514, configured to heat the substrate. In the illustrated
embodiment, the ceiling of the process chamber is an
optional transparent or translucent window 518, which sepa-
rates the process chamber from UV lamps 520 that are used
to irradiate the substrate with UV light and remove water
from the surface of the substrate. In other embodiments IR
lamps that can emit radiative heat are positioned over the
ceiling of the process chamber, and are used to heat the
surface of the substrate. In some embodiments, the apparatus
may include both a UV lamp and an IR lamp or other source
of heat above the substrate. A controller 522 is electrically
connected to the apparatus and is used to control all stages
of the etching process. The controller 522 includes program
instructions or built-in logic to perform the etching methods
in accordance with any of the embodiments described
herein. For example the controller may include the code
specifying the timing of delivery of reagents, the tempera-
ture and pressure during each stage of the etching cycle, and
parameters associated with substrate irradiation.

In some implementations, a controller is part of a system,
which may be part of the above-described examples. Such
systems can comprise semiconductor processing equipment,
including a processing tool or tools, chamber or chambers,
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a platform or platforms for processing, and/or specific
processing components (a wafer pedestal, a gas flow system,
etc.). These systems may be integrated with electronics for
controlling their operation before, during, and after process-
ing of a semiconductor wafer or substrate. The electronics
may be referred to as the “controller,” which may control
various components or subparts of the system or systems.
The controller, depending on the processing requirements
and/or the type of system, may be programmed to control
any of the processes disclosed herein, including the delivery
of processing gases, temperature settings (e.g., heating and/
or cooling), pressure settings, vacuum settings, power set-
tings, radio frequency (RF) generator settings, RF matching
circuit settings, frequency settings, flow rate settings, fluid
delivery settings, positional and operation settings, wafer
transfers into and out of a tool and other transfer tools and/or
load locks connected to or interfaced with a specific system.

Broadly speaking, the controller may be defined as elec-
tronics having various integrated circuits, logic, memory,
and/or software that receive instructions, issue instructions,
control operation, enable cleaning operations, enable end-
point measurements, and the like. The integrated circuits
may include chips in the form of firmware that store program
instructions, digital signal processors (DSPs), chips defined
as application specific integrated circuits (ASICs), and/or
one or more microprocessors, or microcontrollers that
execute program instructions (e.g., software). Program
instructions may be instructions communicated to the con-
troller in the form of various individual settings (or program
files), defining operational parameters for carrying out a
particular process on or for a semiconductor wafer or to a
system. The operational parameters may, in some embodi-
ments, be part of a recipe defined by process engineers to
accomplish one or more processing steps during the fabri-
cation of one or more layers, and/or dies of a wafer.

The controller, in some implementations, may be a part of
or coupled to a computer that is integrated with, coupled to
the system, otherwise networked to the system, or a com-
bination thereof. For example, the controller may be in the
“cloud” or all or a part of a fab host computer system, which
can allow for remote access of the wafer processing. The
computer may enable remote access to the system to monitor
current progress of fabrication operations, examine a history
of past fabrication operations, examine trends or perfor-
mance metrics from a plurality of fabrication operations, to
change parameters of current processing, to set processing
steps to follow a current processing, or to start a new
process. In some examples, a remote computer (e.g. a
server) can provide process recipes to a system over a
network, which may include a local network or the Internet.
The remote computer may include a user interface that
enables entry or programming of parameters and/or settings,
which are then communicated to the system from the remote
computer. In some examples, the controller receives instruc-
tions in the form of data, which specify parameters for each
of the processing steps to be performed during one or more
operations. It should be understood that the parameters may
be specific to the type of process to be performed and the
type of tool that the controller is configured to interface with
or control. Thus as described above, the controller may be
distributed, such as by comprising one or more discrete
controllers that are networked together and working towards
a common purpose, such as the processes and controls
described herein. An example of a distributed controller for
such purposes would be one or more integrated circuits on
a chamber in communication with one or more integrated
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circuits located remotely (such as at the platform level or as
part of a remote computer) that combine to control a process
on the chamber.

Without limitation, example systems may include a
plasma etch chamber or module, a deposition chamber or
module, a spin-rinse chamber or module, a metal plating
chamber or module, a clean chamber or module, a bevel
edge etch chamber or module, a physical vapor deposition
(PVD) chamber or module, a chemical vapor deposition
(CVD) chamber or module, an atomic layer deposition
(ALD) chamber or module, an atomic layer etch (ALE)
chamber or module, an ion implantation chamber or module,
a track chamber or module, and any other semiconductor
processing systems that may be associated or used in the
fabrication and/or manufacturing of semiconductor wafers.
The various systems may be used in one fabrication facility
with the ALE chamber or module described above.

As noted above, depending on the process step or steps to
be performed by the tool, the controller might communicate
with one or more of other tool circuits or modules, other tool
components, cluster tools, other tool interfaces, adjacent
tools, neighboring tools, tools located throughout a factory,
a main computer, another controller, or tools used in material
transport that bring containers of wafers to and from tool
locations and/or load ports in a semiconductor manufactur-
ing factory.

The apparatus/process described hereinabove may be
used in conjunction with lithographic patterning tools or
processes, for example, for the fabrication or manufacture of
semiconductor devices, displays, LEDs, photovoltaic panels
and the like. Typically, though not necessarily, such tools/
processes will be used or conducted together in a common
fabrication facility. Lithographic patterning of a film typi-
cally comprises some or all of the following steps, each step
enabled with a number of possible tools: (1) application of
photoresist on a workpiece, i.e., substrate, using a spin-on or
spray-on tool; (2) curing of photoresist using a hot plate or
furnace or UV curing tool; (3) exposing the photoresist to
visible or UV or x-ray light with a tool such as a wafer
stepper; (4) developing the resist so as to selectively remove
resist and thereby pattern it using a tool such as a wet bench;
(5) transferring the resist pattern into an underlying film or
workpiece by using a dry or plasma-assisted etching tool;
and (6) removing the resist using a tool such as an RF or
microwave plasma resist stripper.

It is understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereof will be
suggested to persons skilled in the art. Although various
details have been omitted for clarity’s sake, various design
alternatives may be implemented. Therefore, the present
examples are to be considered as illustrative and not restric-
tive, and the invention is not to be limited to the details given
herein, but may be modified within the scope of the
appended claims.

What is claimed is:

1. A method of controllably etching an oxide layer on a
substrate, the method comprising:

(a) contacting the substrate housed in a process chamber
with an active hydrogen-containing species to modity
the surface of the oxide on the substrate, wherein the
active hydrogen-containing species is a compound con-
taining one or more OH groups, or a hydrogen-con-
taining species generated in a hydrogen plasma,
wherein the oxide is selected from the group consisting
of silicon oxide, germanium oxide, and combinations
thereof, and wherein the contacting of the substrate
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with the active hydrogen-containing species is per-
formed without flowing HF into the process chamber;

(b) removing non surface-bound active hydrogen species
from the process chamber after the surface of the oxide
is modified;

(c) flowing an anhydrous HF into the process chamber
after (b) without flowing an active hydrogen-containing
species into the process chamber, wherein the anhy-
drous HF reacts with the modified surface of the oxide
and wherein the reaction generates water;

(d) removing the water generated in (¢) from the surface
of the substrate.

2. The method of claim 1, wherein (c¢) and (d) are
concurrent, and are performed at a temperature and pressure
that do not permit water to stay adsorbed to the substrate
surface as water is generated in the reaction.

3. The method of claim 1, wherein the active hydrogen-
containing species is an alcohol that is capable of adsorbing
or staying adsorbed to the surface of the oxide under
conditions when water is desorbed from the surface of oxide.

4. The method of claim 1, wherein the active hydrogen-
containing species is formed from a hydrogen-containing
plasma, and wherein hydroxyl (OH) bonds are formed on the
surface of the oxide by application of a hydrogen containing
plasma under conditions when water is desorbed from the
surface of the oxide.

5. The method of claim 4, wherein the hydrogen contain-
ing plasma is formed from a gas that comprises a hydrogen-
containing gas selected from the group consisting of H,,
ammonia, hydrazine, water, hydrogen fluoride, hydrogen
chloride, silane, disilane, methane, ethane, butane and com-
binations thereof.

6. The method of claim 5, wherein the hydrogen contain-
ing plasma is formed from a gas comprising the hydrogen-
containing gas and a second gas selected from the group
consisting of water vapor, oxygen, nitrous oxide, nitric
oxide, carbon dioxide, carbon monoxide and combinations
thereof.

7. The method of claim 1, wherein the active hydrogen-
containing species is selected from the group consisting of
a propanol, a butanol, butoxyethanol, butanediol, ethylene
glycol, methylene glycol, propylene glycol, amyl alcohol, a
carboxylic acid, and combinations thereof.

8. The method of claim 1, wherein the active hydrogen-
containing species is a butanol.

9. The method of claim 8, wherein (¢) and (d) are
performed concurrently, and wherein water is being
removed as it is generated in the reaction.

10. The method of claim 1, wherein the active hydrogen-
containing species is selected from the group consisting of
methanol, ethanol, propanol, butanol, butoxyethanol, ethyl-
ene glycol, methylene glycol, propylene glycol, amyl alco-
hol and combinations thereof, wherein the operations (a)-(d)
are performed at the same temperature, and wherein water is
being removed from the surface of oxide as it is generated
in the reaction.

11. The method of claim 1, wherein the active hydrogen-
containing species is characterized by a saturated vapor
pressure that is lower or is substantially the same as the
saturated vapor pressure of water for selected conditions,
wherein the operations (a)-(d) are performed at the same
temperature, and wherein water is being removed from the
surface of oxide as it is generated in the reaction.

12. The method of claim 11, wherein the flow of the
anhydrous HF into the process chamber is ceased before (d).

13. The method of claim 1, wherein the active hydrogen-
containing species is selected from the group consisting of
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methanol, ethanol, water and a water-alcohol azeotrope that
adsorbs to the surface of oxide in (a), and wherein the
anhydrous HF is provided in (c) in a controlled, limited
amount.

14. The method of claim 1, wherein the active hydrogen-
containing species is methanol or ethanol that adsorbs to the
surface of oxide in (a) at a first temperature, and wherein the
water is removed in (d) by raising the temperature of the
substrate to a second temperature that is higher than the first
temperature.

15. The method of claim 1, wherein (d) comprises remov-
ing water by a method selected from the group consisting of:
(1) raising the temperature of the substrate, (ii) lowering
pressure in the process chamber, (iii) treating the substrate
with a plasma, (iv) treating the substrate with an electron
beam, (v) irradiating the substrate with the electromagnetic
radiation, and combinations thereof.

16. The method of claim 1, wherein operations (a)-(d)
remove 0.5-10 atomic layers of oxide from the substrate.

17. The method of claim 1, comprising performing at least
2 cycles comprising operations (a)-(d).

18. The method of claim 1, wherein operations (a)-(d) are
performed at a single temperature of at least about 80° C.

19. The method of claim 1, further comprising:

applying photoresist to the substrate;

exposing the photoresist to light;
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patterning the photoresist and transferring the pattern to
the substrate;

and selectively removing the photoresist from the sub-
strate.

20. A method of controllably etching an oxide layer on a

substrate, the method comprising:

(a) contacting the substrate housed in a process chamber
with an anhydrous HF without flowing an active hydro-
gen-containing species into the process chamber to
adsorb a layer of HF on the oxide layer on the substrate,
wherein the oxide is selected from the group consisting
of silicon oxide, germanium oxide, and combinations
thereof;

(b) removing non surface-bound HF from the process
chamber after the HF has adsorbed;

(c) after removal of the non surface-bound HF, contacting
the substrate with the active hydrogen-containing spe-
cies without flowing HF into the process chamber, to
react with the HF on the substrate, wherein the active
hydrogen-containing species is a compound containing
one or more OH groups, or a hydrogen-containing
species generated in a hydrogen plasma, and, wherein
the reaction generates water;

(d) removing the water generated in (¢) from the surface
of the substrate.



